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Introduction
The goal1,2 of inertial confinement fusion (ICF) is to

produce significant thermonuclear burn from a target
driven with a laser or ion beam. To achieve that goal,
the national ICF Program has proposed a laser capable
of producing ignition and intermediate gain.3 The
facility is called the National Ignition Facility (NIF).
This article describes ignition targets designed for the
NIF4 and their modeling. Although the baseline NIF
target design, described herein, is indirect drive, the
facility will also be capable of doing direct-drive
ignition targets—currently being developed at the
University of Rochester.5

Figure 1 illustrates the baseline target, which is typi-
cal of all our ignition targets. A spherical cryogenic
capsule, composed of deuterium–tritium (DT) gas, DT
solid fuel, and an ablator, is encased in a cylindrical Au
hohlraum with two laser entrance holes (LEHs) at
opposite ends. The hohlraum peak radiation tempera-
ture (

 

TR) is 250–300 eV, with a shaped prepulse for a
low-entropy implosion. The ablation pressure allows
the fuel shell to reach a velocity of 3–4 

 

× 107 cm/s. The
central part of the DT is then compressed and heated,
forming a hot spot that reaches ignition conditions of
density times radius ρr ~ 0.3 g/cm2 and ion tempera-
ture ~10 keV. Then, α deposition “bootstraps” the cen-
tral temperature to >30 keV. The hot-spot density at
ignition is typically 75–100 g/cm3. The hot spot is
tamped by a colder main fuel layer, with ρ∆r ≈ 1 g/cm2

and density ≈1000 g/cm3. The burn propagates into
the main fuel layer, and 10–15% of the total DT mass is
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FIGURE 1. This ignition target (referred to as the point-design target
or PT) uses 1.35 MJ of laser energy. (a) Shows the entire target, and
(b) shows details of the central spherical capsule. The DT fuel is in a
cryogenic layer, surrounded by a CH ablator doped with 0.25% Br.
The capsule is in the center of a Au hohlraum, which the incoming
laser beams heat to 300 eV. The beams are arranged in two cones
entering from opposite sides. (50-05-0494-1802pb01)
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burned. The target shown in Fig. 1 produces 10–15 MJ of
yield in simulations, depending on the modeling used.

Assuming the laser meets other specifications, the
two most important laser parameters determining the
margin for ignition are the total energy and the peak
power.6 Ignition requires both energy and power, as
indicated in Fig. 2. The ignition region is bounded on
one side by hydrodynamic instabilities. Ultimately, this
boundary of the ignition region is determined by the
capsule surface smoothness; Fig. 2 assumes the surface
finish currently achieved on Nova capsules in modeling
described in this article. On the other side, the ignition
region is bounded by laser–plasma instabilities. Laser
intensity and other parameters determining the insta-
bilities (especially the electron density ne) depend
primarily on the desired peak hohlraum TR. Estimates
of the laser–plasma instabilities, described here, indicate
that laser–plasma instabilities will be acceptable in tar-
gets driven to at least 320 eV (shown as the upper
boundary of the ignition region in Fig. 2).

The smallest possible ignition target with this assumed
surface finish, at 0.8 MJ and 300 TW, would have no
remaining margin for uncertainties or errors in the tar-
get modeling. We have specified the NIF at 1.8 MJ and
500 TW to provide margin for such uncertainties. This
margin is adequate to cover our estimates of energetically
significant uncertainties, as described in this article.

Baseline Ignition Targets
Figure 1 shows the baseline design, referred to as the

PT: “point-design target.” Cryogenic hardware, not
shown, is external to the hohlraum. The spherical capsule
is a doped CH ablator around a shell of solid cryogenic
DT. The solid DT layer is self-smoothing, because of
the β-smoothing effect.7 The cryogenic temperature
controls the density of the central DT gas. The hohlraum
is filled with a 50–50 (atomic) mixture of He and H.
This gas conducts away the β decay energy before the
target is shot and maintains the open hohlraum cavity
during the implosion. The mixture of gases minimizes
stimulated Brillouin scattering (SBS).

The PT uses 1.35 MJ of 3ω light, which is intermedi-
ate between the full 1.8 MJ and the “ignition cliff” at
800 kJ. Most of our modeling concentrates on this
intermediate-scale target. It is sufficiently robust that
we can make a good case for its ignition, while it
leaves margin for uncertainty with a 1.8-MJ facility.
Also, by using a relatively small target to set specifica-
tions for power balance, pointing, target fabrication
quality, and so forth, we can be sure that the specifica-
tions are adequate for a range of likely targets.

Figure 3 shows an optimal TR profile for the capsule,
used as input to our capsule modeling, and an input
laser profile. The target can tolerate moderate devia-
tions from the nominal profile. For example, Fig. 4

shows the yield from integrated calculations (described
later in more detail) as the duration of the peak power
portion of the pulse is varied. Our robustness study of
the PT is described in more detail below. 

The light entering each LEH is in two cones, as
shown in Fig. 1, and we can minimize time-dependent
asymmetry in the x radiation incident on the capsule
by dynamically varying the relative power of the cones.
About one third of the energy must go into the waist

FIGURE 2. Total laser energy and peak power determine the margin
for ignition. Powers and energies along the indicated curve will be
accessible to the NIF, as currently planned. The upper dot illustrates
the laser’s nominal operating point (1.8 MJ, 500 TW); the lower
dot illustrates the energy and power needed to drive the PT 
(1.35 MJ, 410 TW). (50-05-0494-1805pb01)

FIGURE 3. Temperature vs time optimal for the PT capsule, and
laser power vs time to drive the target. The shaped pulse prior to
peak drive is needed to compress the target, increasing the pressure
in a controlled way before applying peak power. The gray curve is
the radiation temperature vs time that drives capsule simulations,
and the black curve is the laser power vs time used as input to
hohlraum simulations. (50-05-0295-0395pb01)
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cones. The 192 beams are clustered in groups of four,
so that there are effectively 48 spots. These are divided
as 8 spots in each of the inner cones and 16 in the outer
cones. We may use slightly separate wavelengths in

the four beams in each spot to limit laser–plasma insta-
bilities. The four beams combine at an angle corre-
sponding to an effective f/8 optic.

Each beam is focused to an elliptical spot, with the
minor axis in the plane of the laser ray and the hohlraum
axis. This maximizes the LEH clearance while minimiz-
ing the laser intensity. The spot has a shape approxi-
mating a flat top (probably a sixth-order super-Gaussian),
again to minimize the peak intensity while maximizing
LEH clearance. The nominal spot is 500 µm × 1000 µm
at best focus. Such a spot can be made with recently
developed kinoform phase plate techniques.8

The pulse shape shown in Fig. 3 creates four shocks,
with the final shock bringing the ablator up to peak
pressure with sufficiently low DT entropy. The entropy
requirement implies a corresponding requirement on
the precision of the pulse shaping. For optimal perfor-
mance, the shocks must be timed within about 200 ps.
Adequate shock timing may not be predictable a priori
given uncertainties in opacity and equation-of-state
(EOS), but is achievable with an experimental program
using techniques currently in use on Nova.9

The CH ablator contains 0.25% Br dopant. (Some
Nova targets currently use Br-doped CH.10) The dopant
is used to control the stability of the ablator/DT inter-
face. It reduces the preheat in the CH and eliminates
an unstable density step at the CH/DT interface. The
CH is assumed to contain 5% O as an incidental fabri-
cation by-product. 

We conclude this section with a brief description of
our baseline one-dimensional (1-D) capsule simulations.
These simulations are performed with the LASNEX
code,11 using Legendre decomposed radiation trans-
port,12 EOSs calculated in line with a “Quotidian EOS”
package,13 and average-atom opacities calculated with
the XSN code.14 We have also simulated the capsule
implosion with other radiation transport schemes, but
find no difference in the calculations. Implosion
calculations use as a source nonPlanckian frequency-
dependent radiation determined from hohlraum
simulations. The spectrum affects the short-wavelength
hydrodynamic instability growth; other than this, the
spectrum has little effect on target characteristics. We
normally calculate the deposition of α particles produced
by the burn with the multigroup diffusion package in
LASNEX.15 Hatchett16 performed a baseline 1-D simu-
lation of the PT using a Monte Carlo charged-particle
transport code17 and found that the ignition and burn
are essentially the same as with multigroup charged-
particle diffusion.

Other Possible Ignition Targets
Modeling of a wide variety of other targets has been

performed at various levels of detail. Several impor-
tant aspects of the target can be varied, providing

FIGURE 5. Yield and burn-weighted ion temperature for geometric
scales of the PT. The lines show 1-D calculations of the capsule alone,
in which linear dimensions and times are scaled together (the hori-
zontal scale is effective energy, that is, 1.35 MJ times the scale factor
cubed; the dots are integrated calculations, plotted against the laser
energy). For these, linear dimensions and times were scaled, and laser
powers were scaled as the square of the scale factor. Hohlraum length
and cone-to-cone power ratios were adjusted to recover symmetry.
(50-05-0295-0389pb01)
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short pulse appears to be due to asymmetry, not energetic failure to
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“tunes,” are shown. (50-05-0295-0388pb01)
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different trade-offs of the remaining uncertainties in
our understanding.

We can vary the size of the target, and the energy it
uses. Direct geometric scales of the PT produce good
burn at any laser energy above about 700 kJ, as shown
in Fig. 5. This energy margin allows for loss of energy
to stimulated scattering processes and laser coupling.
Also, it allows us, if necessary, to change the relative
size of the hohlraum and capsule. This allows a trade-
off of the capsule ignition physics, and hydrodynamic
instability, with symmetry and hohlraum filling.

The knee at 600–800 kJ in Fig. 5 and the two thresh-
olds at 1.6 and 1.8 ns in Fig. 4 are typical signatures of
ignition. Without α deposition and thermonuclear
bootstrapping, NIF targets would be expected to pro-
duce no more than 10–100 kJ of yield at the likely ion
temperatures of less than about 10 keV. Experimental
demonstration of ignition will be clear when we do a
series of targets that scan through the threshold between
such a non-bootstrapping mode and burn producing
about 1 MJ or more. This could be done by varying the
target size, as shown in Fig. 5, or more likely by vary-
ing the implosion velocity (implicit in Fig. 4). Varying
the D to T ratio will provide another easy-to-interpret
lever on the burn rate. Curves of yield vs implosion
velocity, for various D to T ratios, should show an
inflection and a large increase in yield when the burn
threshold is crossed for ratios near 50–50. 

Various other target designs, described next, are at
various scales in the ignition range.

Uncertainty in ablation characteristics can be
addressed by using other ablator materials. In particu-
lar, Be generally performs better than CH as an ablator.
(The PT uses a CH ablator because of fabrication expe-
rience with Nova.18) Be must be doped more heavily
than CH, and radially varying the doping allows for
complete optimization. Designs exist in which the Be is
doped with Cu, which appears attractive from a fabri-
cation point of view, and others with a mixture of Na
and Br. In the most highly optimized targets, the addi-
tional performance margin obtained by using Be instead
of CH is equivalent to about 25 eV in peak hohlraum
TR. The advantage is better at 250 eV than at 300 eV.

Another important advantage of Be is more hydro-
dynamic stability. Using the modeling described below
in the section on hydrodynamic instabilities, we have
found a clear advantage to Be targets. Because it ablates
faster, Be is more stable—the initial mass of the Be
ablator is nearly twice that of the CH. The outer sur-
face roughness specification is somewhat looser for Be
than for CH, but the most important difference is in
the required surface quality for the inner surface of the
DT ice. Perturbations initially on the ice grow by cou-
pling to the outer surface, the unstable ablation front,
during acceleration; this coupling is much less effective
through the more massive Be shell. As a result, a Be

target (driven at 300 eV) can tolerate about four times
larger perturbations initially on the inner surface of the
ice than a CH target. 

We can modify the convergence ratio (defined as the
initial outer radius of the ablator divided by the igni-
tion-time hot-spot radius) by varying the initial central
DT gas density. Since reducing the convergence ratio
reduces the final ρr, it also reduces the yield. If the ini-
tial gas fill is increased the ignition is marginal, i.e.,
the yield is reduced from 15 MJ nominal to about 1 MJ.
These low-convergence targets require gas densities
that would initially be in vapor equilibrium with liquid
DT (as opposed to solid for the PT), and fielding them
will require some modifications in the fabrication and
fielding technology. The triple-point gas density,19

0.68 mg/cm3, corresponds to a PT yield of 10 MJ.
Various peak drive temperatures are possible—high

temperatures stress laser–plasma instabilities while
minimizing hydrodynamic instabilities, and low tem-
peratures provide the opposite trade-off. The baseline
is 300 eV, a compromise between the two constraints.
We have designed capsules driven at temperatures as
high as 400 eV that appear to be very resistant to
hydrodynamic instabilities. Using doped Be as an abla-
tor, we have designed targets driven at 250-eV for
which ignition is nearly as robust as with CH at 300 eV.
Laser–plasma instabilities are estimated to be very
benign in the 250-eV hohlraum.

There is also a wide variety of possible pulse shapes.
The pulse shown in Fig. 3 has four pulses or steps, each
at a time and power to launch a shock, as needed, for
the low-entropy implosion. Many other pulses can
result in the same shocks in the fuel. We can use shorter
pulses at higher powers (sometimes called “picket
fence pulses”); we have used steps with the power
held constant for a few nanoseconds in each step; at
the other extreme, we have used pulses in which the
power increases smoothly from an initial 10 TW up to
peak power. Each of these shapes represents a different
trade-off of laser, hohlraum, and capsule physics.

We have also designed targets in which the solid DT
fuel is supported in a foam layer.20 This may be an
important option if β layering is inadequate. DT-wettable
foams of density 0.05 g/cm3 with micrometer-scale cell
structure have been fabricated, and our designs assume
this density. The foam targets work nearly as well as
the solid DT targets. If β layering, or some other tech-
nique, can be used to maintain a pure DT layer about
10 µm thick on the inside of a foam-supported main
fuel layer, ignition occurs in clean DT and target
performance is barely degraded by the presence of the
foam. If all of the solid DT must be supported by foam,
it is somewhat more difficult to ignite, although targets
at the PT scale still ignite with some remaining margin.

There are numerous possible ignition designs that
have attractive features, and may actually perform better
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than the point design, but that are not as closely con-
nected to the existing experimental data. Direct-drive
targets are an important option, pending experimental
results from the Omega Upgrade at the University of
Rochester. Other hohlraum designs are being investi-
gated on Nova—for example, Au shields placed between
the capsule and the LEHs can reduce the time-dependent
asymmetry. Recent results on Nova for such a hohlraum
are in excellent agreement with expectations based on
simulations.21As the NIF is being planned and built,
experiments on Nova will continue to refine our
understanding of the target physics and will allow us
to optimize the NIF design further.

So far we have described the various target options
that work according to current modeling; we have also
found two target concepts where our modeling pre-
dicts difficulties:
• We considered lining the hohlraum with CH,

instead of the He/H gas fill described earlier.
However, we find that the lining stagnates on axis,
creating a pressure spike that perturbs the capsule
implosion unacceptably. Unfilled hohlraums have
too much Au absorption of the light. We intend to
consider alternate liners and unfilled hohlraums
with short, low-temperature pulses.

• In principle, it seems possible to achieve ignition
with noncryogenic gaseous DT. However, we have
found that the implosion velocities required for igni-
tion at the NIF scale result in high core temperatures
before ignition ρr is reached, and then conduction
from the hot spot is very high. In a cryogenic target,
energy conducted from the hot spot into the DT
pusher heats more DT—this increases the mass of
the hot spot, and the energy is not lost. If the hot
spot is surrounded by inert material, the energy is
not only lost from the fuel, but it serves to degrade
the compressibility of the pusher. Rayleigh–Taylor
(RT) instabilities would also be much more prob-
lematic if the igniting fuel were surrounded with
inert material. Therefore, we have been unable to
calculate ignition successfully in noncryogenic cap-
sules at the NIF scale.

Hohlraum Design and Modeling
The size of the hohlraum relative to the capsule is

determined by a variety of trade-offs. The required
profile of TR vs time is determined by the capsule, and
any hohlraum larger than some minimum size could
provide the needed TR vs time profile. A larger
hohlraum takes more laser energy and power, and the
optimal size is a trade-off of the energy and power
requirements and the need for symmetry and accept-
able plasma filling. Our modeling indicates that the
symmetry and laser–plasma instabilities are acceptable
in the baseline hohlraum. Assuming a 1.8-MJ, 500-TW

NIF, there will be margin to increase the hohlraum size
with the PT capsule, increasing the margin for laser–
plasma instabilities or asymmetry. If necessary, we can
further increase this margin by using a smaller capsule,
at the cost of either increasing hydrodynamic instabili-
ties or developing Be-ablator fabrication technology.

Even with perfect laser pointing and beam-to-beam
power balance, there is some asymmetry that we call
the intrinsic asymmetry. This asymmetry arises because
of the LEH and the bright laser-irradiated spots (the
LEH alone causes a 15% peak-to-valley asymmetry).
As described in Ref. 6, the laser spots are placed to can-
cel the LEH asymmetry. The symmetry can be adjusted
by changing the hohlraum length and the pointing of
the beams. The quantities determining the intrinsic
symmetry change in time: the LEH shrinks, the laser
spots move due to plasma evolution, and the spots
become less bright relative to the overall hohlraum
brightness. With a single cone of beams, we found that
the time-dependent asymmetry was too large. Two
cones of beams can be arranged to provide adequate
symmetry. Also, with two cones the time-dependent
asymmetry can be corrected dynamically by varying
the relative power in the cones as a function of time.
This detailed symmetry tuning will have to be done
with a time-dependent symmetry campaign similar to
those being done on the Nova laser.22

To model the intrinsic asymmetry, we use a detailed
two-dimensional (2-D) simulation with a radiation-
hydrodynamics code such as LASNEX.13 We use the
best available radiation transport model for the
hohlraum/capsule coupling, and simulations are con-
tinued all the way through burn. The simulations track
the laser beams, calculating inverse Bremsstrahlung
energy deposition and any refraction that occurs. We
typically use XSN nonLTE multigroup opacities,16

although we have also performed simulations with an
opacity table derived from the super transition array
opacity model.23 Any coupling to the capsule via hydro-
dynamic pressure or electron conduction is included.

We have achieved adequate symmetry and good
burn in such integrated simulations of a variety of
designs: the PT at several scales as shown in Fig. 5, two
Be designs driven at 250 eV and at 300 eV, and a
smooth-pulse 250-eV Be design. All except the PT
scales shown in Fig. 5 use 1.1–1.5 MJ, at powers ranging
from 365–500 TW. They give yields in the integrated
simulations that are between 50–90% of clean 1-D
yields and show unambiguous ignition.

Modeling asymmetry from imperfect power balance
and pointing of the laser beams requires fully three-
dimensional (3-D) asymmetry. This asymmetry has
been estimated analytically using laser-spot brightness
and positions determined from the 2-D LASNEX simula-
tions. Also, the asymmetry has been calculated in 3-D
with a view-factor code.24 We have used fully integrated
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calculations (described earlier) to confirm the model-
ing and for some sensitivity studies. The actual asym-
metry on the capsule is 3-D, and its effect on the
implosion must be estimated with 2-D simulations of the
implosion driven with an asymmetric radiation source. 

We have imposed a wide variety of asymmetries on
2-D capsule implosions to ensure that the specified
asymmetry levels are acceptable. Asymmetry can
affect ignition in a variety of ways: the obvious kine-
matic effects of differing velocities; initiation of RT
instability growth, especially evident during decelera-
tion; mass flow toward less driven regions, seeding RT
instability; irregular hot-spot compression, sometimes
forming jets that protrude from the core and disrupt
the imploded configuration; and delayed ignition,
resulting in more RT growth. The maximum tolerable
asymmetry depends on its temporal and spatial
specifics. In summary, the capsule can tolerate less
than about 1% time-averaged asymmetry, 5–10% time-
dependent swings in asymmetry that last for ~2 ns,
and larger swings if they last much less than 2 ns.

We do not find much variation in sensitivity to
asymmetry among the various targets we have
designed. Smaller capsules are slightly more sensitive
to asymmetries that couple to deceleration RT growth.
The difference is not large, and symmetry sensitivity is
not an issue that is important in deciding the overall
trade-offs of laser size and power. Varying the hohlraum
size, with a given capsule, is the symmetry issue likely
to be more important in the trade-offs. 

The 3-D view factor calculations indicate that with
nominal pointing errors—each beam is to point within
50 µm of its nominal position, rms deviation—the
resulting additional asymmetry on the capsule will be
significantly <1%. This pointing specification also
ensures more than adequate clearance of the LEH. This
requirement is similar to that met by the Nova laser
(30 µm rms,25 which is 10 µrad, while 50 µm rms on
NIF is 7 µrad because of the longer focal length).

The 3-D view factor calculations also indicate that
10% rms power imbalance results in <1% asymmetry
on the capsule, provided the deviations are uncorrelated
among the 192 beams. The tolerable power imbalance
can be much larger than this, depending on its tempo-
ral dependence. If there are correlations between the
beams’ powers, a much tighter power balance require-
ment is necessary. Groups of eight beams, with each
group entering the same area of the hohlraum, must be
balanced within about 3%. Generally the requirements
are consistent with purely independent statistical devi-
ations of the 192 beams; any correlations significantly
beyond this may increase the asymmetry unacceptably.

These requirements on the laser are well within cur-
rent Nova performance parameters of 3% rms energy
imbalance, and 5–10% power imbalance over time
scales that are generally less than half the pulse length.26

This does not mean that symmetry in Nova hohlraums

is as good as in NIF hohlraums; the looser requirements
for NIF are a result of the larger number of beams.

Asymmetries might also arise from laser–plasma
interaction processes or other phenomena, such as RT
instability at the Au/He interface, which are currently
predicted not to be significant but for which uncertainty
remains. Light can be scattered or it can be absorbed
more or less efficiently at different positions in the
hohlraum. The effect in all cases is equivalent to a
power balance change, a movement of the x-ray emission
spots, or perhaps a spreading of the laser deposition
spots (for small-angle side-scattering). Difficulties could
arise only if these effects are so large that the irrepro-
ducible part of them is larger than the limits described
here. If any of these processes occurs but is reproducible
and not too large, the effect can be compensated for by
changing the hohlraum design parameters. Estimates
based on Nova experiments and appropriate theory
and modeling indicate that these processes can be kept
within acceptable limits. If not, our ultimate recourse
will be to increase the hohlraum size, reduce the laser
intensity, and correspondingly reduce the hohlraum
drive temperature.

Laser–Plasma Instabilities
The most important laser–plasma scattering processes

are SBS, stimulated Raman scattering (SRS), and filamen-
tation. In SBS and SRS, the incident laser beam scatters
from electron waves and ion waves, respectively, in the
forward, side, or backscatter direction. Backscatter is
calculated and observed to be the most unstable process,
although sidescatter must be examined for its possible
effect on capsule symmetry. SRS forward scatter is a
very weak process; forward SBS is being evaluated for
possible symmetry effects because of the exchange of
energy between overlapping beams.27 Filamentation or
whole-beam self focusing results from the refraction of
the laser light into low-density regions, which are
themselves produced by the pressure gradients from
nonuniform laser heating or by ponderomotive forces.
All of these processes are sensitive to the ne and tem-
perature, and laser intensity and wavelength.28 In
addition, SBS is sensitive to the electron-ion temperature
ratio, velocity gradient, and the fraction of light and
heavy ions in multiple species plasma.29 Also, we have
shown with 3-D filamentation simulations30 that fila-
mentation is sensitive to the speckle length (the axial
length of a diffraction-limited hot spot near the focal
plane of the laser beam). The speckle length increases
with the square of the f-number of the focusing system.

The laser must propagate through 3–5 mm of 
hot (Te ~ 3–5 keV at peak power), low-density
(ne ≤ 1 × 1021 cm–3), low-Z (mixture of He and H)
plasma. The density is about 0.05 critical over most of
the beam path. For the inner ring of beams, the density
reaches as high as 15% of critical for the last millimeter



7

IGNITION TARGET DESIGN FOR THE NIF

UCRL-LR-105821-95-4

of pathlength. However, this far into the hohlraum the
individual laser beam intensity has decreased substan-
tially from its peak of 2 × 1015 W/cm2.

These scattering processes affect the target perfor-
mance in several ways.  Of course, energy scattered
back out of the hohlraum is unavailable for x-ray con-
version. The total energy lost comes out of the ~50%
energy margin shown in Fig. 2. The irreproducible part
of this becomes a pulse-shape uncertainty, and any
resultant geometrical nonuniformity can affect the
symmetry of the irradiation on the capsule. These
effects will be tolerable if the scattering is less than
about 10%. We do not expect hot electrons produced
by SRS to have any effect on target performance. 

We estimate that the scattering processes will be
acceptable under these predicted plasma conditions.
Experimentally verifying these estimates is an action
part of the Nova program, described in “Laser–Plasma
Interactions in NIF-Scale Plasmas (HLP5 and HLP6)”
on pg. 305 of this Quarterly.  

Modeling of Hydrodynamic
Instabilities

The shell is subject to RT instability on the outside
during its acceleration and on the inside during deceler-
ation. There is also Richtmyer–Meshkov (RM) instability
at all interfaces. (These instabilities are reviewed in
Ref. 31.) Short-wavelength RT growth in these capsules
is stabilized by ablation of material through the unstable
interface and by the finite scale length on the ablation
front. Experimental32 and calculational33 aspects of
this stabilization are well documented. During deceler-
ation, the growth of short wavelengths is also reduced
from classical RT since the unstable interface is between
two DT regions, the hot spot and the main fuel, and
again there is ablation (driven by electron conduction
in this case) and a finite gradient scale length. Also,
perturbations that grow on the outside must couple
through the shell to affect the ignition, and short wave-
length modes couple less effectively. These effects all
reduce the impact of the short wavelengths, so the sys-
tem is only weakly nonlinear. The targets have been
designed so that this is the case.

We have based our modeling on linear analysis that
is as accurate as possible, with an extension into the
weakly nonlinear regime, as necessary. The linear
analysis is based on a decomposition of the surface
perturbations into spherical harmonics, which are
eigenmodes of the linear evolution. We determine the
single-mode growth spectrum by running multiple 2-D
simulations, each of one single mode in the linear
regime throughout the simulation. This provides the
most accurate calculation of all known effects, includ-
ing stabilization, RM growth, and convergence effects.
This set of calculations provides a spectrum of growth
factors, which we combine with an assumed initial sur-

face spectrum to determine the ignition-time perturba-
tion. Using a nonlinear saturation model from Ref. 34,
we determine whether the perturbations are nonlinear
and estimate the nonlinear saturation. This results in a
curve of ignition-time perturbation amplitude as a
function of initial perturbation amplitude.

To test the weakly nonlinear analysis, we also run
full simulations of multimode perturbations with real-
istic initial amplitudes. Currently simulations must be
2-D, and the number of modes that can be included is
limited. We have run a variety of multimode simulations
on several capsules, at solid angles ranging from rela-
tively small conic sections to half-spheres. Results are
consistent with the modeling described earlier, although
further substantiation is an area of current work. Recent
development of 3-D codes will allow testing of possi-
ble differences between 2- and 3-D evolution.35

We must also estimate how the perturbations around
the hot spot at ignition time will affect the ignition. The
unstable interface is between relatively cold, dense DT
and the hot, lower-density DT. Material mixing of
different elements is not occurring, and there is only
thermal mixing. The actual perturbations are 3-D, and
multimode, and the weakly nonlinear perturbation
growth analysis indicates that the spectrum is strongly
dominated by mode numbers around 

 

l = 10–15°. The 3-D
character cannot be fully represented in any existing
code; available 3-D codes do not include all of the rele-
vant physical processes. There is experimental32 and
calculational35 evidence that the multimode 3-D pertur-
bation is probably an array of spikes penetrating in
toward the hot-spot center, surrounding approximately
hexagonal bubbles. In 2-D, we modeled this array of
spikes and bubbles five ways: (1) We simulated a sin-
gle bubble of appropriate solid angle surrounded by a
curtain of material falling along a reflecting boundary
condition. The circular cone represents approximately
a multifaceted 3-D cone of similar size and gross
shape. (2) We ran perturbations with the opposite sign:
a spike on axis surrounded by a circular bubble. (3) We
simulated perturbations on the waist that represent
long circular ridges and curtains. (4) We continued
through burn time the multimode 2-D simulations
mentioned earlier. (5) We did 1-D modeling in which
the thermal mixing caused by the perturbation growth
is represented as an enhanced thermal conductivity in
the perturbed region.

All of these approaches give similar results, regard-
ing how large a spike can be tolerated before ignition
is quenched. Combined with the modeling described
earlier, this corresponds to a maximum tolerable ini-
tial ablator surface roughness of about 50 nm rms.
This compares with 30 nm rms on current Nova capsules.

We have also considered the bubble penetration
from the outside of the shell at peak velocity. We find
that the surface finish requirements for shell integrity
during acceleration and for ignition are similar. This
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equivalence depends weakly on the shape assumed for
the spectrum of initial perturbations.

Because we have modeled the perturbation growth
and its effects with a variety of different approaches,
and get generally consistent results, we are fairly confi-
dent that our modeling is accurate. The modeling
relies on 2-D code simulations of linear-regime pertur-
bation growth, so it is very important that these be
tested thoroughly. The dominant uncertainties are the
dependence on the spectrum of the drive x rays, and
on zoning, resulting in a net uncertainty in the outer
surface finish specification that we believe to be about
a factor of two. Finally, of course, it is very important
to test the modeling experimentally. A major fraction
of the Nova program is oriented toward verifying this
modeling, with a variety of experiments measuring
perturbation growth and its effects in planar32 and
spherical5,10,36 geometry. Results from these experi-
ments have been consistent with the modeling.

The modeling described so far pertains to surface
perturbations that are initially on the outside of the
ablator. Of course, there will be perturbations on the
other interfaces, as well as material inhomogeneity and
other fabrication defects. Any of these can be modeled
in a conceptually identical way, using LASNEX simu-
lations that assume the existence of the perturbation of
interest. We have determined that the capsule tolerates
perturbations initially on the other interfaces, which
are much larger than tolerable perturbations initially
on the outside. Perturbations on the DT/CH interface
are unlikely to be large enough to matter. Ignition does
not occur if perturbations on the DT gas/solid interface
are greater than about 3.0 µm for the PT, and more
than about 8 µm for Be capsules, which are the same
size as the PT and are driven at 300 eV. Current esti-
mates37 of the smoothness of β layer surfaces are ~1 µm.
Solid DT in a low-density foam is somewhat smoother.

In summary, the PT has a factor of about two margin
in surface finish beyond surface finishes on the best
current Nova capsules. The requirement on the DT
gas/solid interface also gives about a factor of 2 mar-
gin compared with roughness measured on recent DT
ice surfaces. 

Robustness Studies
We performed extensive studies of the robustness of

the PT target following the initial design work, which
we categorize into two studies discussed below.

Robustness of Yield in Integrated
Simulations 

Choosing a particular configuration as nominal, we
varied the laser powers and pointing in detailed 

integrated calculations (described earlier). Figure 4 is
an example of such a variation (although the calcula-
tions shown there used a laser pulse slightly different
from what we chose as nominal for the full set of varia-
tions). Table 1 shows the sensitivities we found, and
compares them with estimates of the reliability with
which we can determine and maintain these parame-
ters. This study produced three valuable results. (1) We
verified that the target can tolerate plausible variations
in the input parameters (shown in Table 1). This allays
concern that the performance of the target is a finely
tuned optimum that would be impossible to achieve
experimentally. (2) We identified ways in which the
configuration we chose as nominal was not in fact
optimal (most importantly, we found significant room
for improvement in the pointing we were using for the
inner cone). We are currently doing a second iteration,
with improved pointing and better optimization of the
other parameters, which should show a margin of
performance even larger than that shown in Table 1.
Some results of the study with the new optimization
are shown in Table 1. (3) This study provides a context
for designing the experimental campaign to achieve
ignition. Table 1 (and subsequent revisions) shows
which parameters must be measured and maintained
and to what accuracy.

We are also doing integrated simulations varying sev-
eral parameters at once. We have varied both the inner
and outer cone laser powers separately (in addition to the
variations shown in Table 1), and see sensitivity similar

TABLE 1. Sensitivity analysis of the PT using integrated calculations
of the entire hohlraum/capsule target. 

Laser parameter* Determined Preliminary
sensitivities estimate

Power during foot 30% <5%
Peak power 35% <5%
Second-rise timing 500 ps <100 ps
Third-rise timing 500 ps <100 ps
Duration of peak power 800 ps <100 ps
Inner beam power during foot

(total power fixed) 25% <5%
Inner beam power during peak

(total power fixed) 35% <5%
Inner beam power during peak

(outer cone power fixed) 25% <5%
Pointing of inner beams 85 µm (200 µm)† <20 µm
Pointing of outer beams 100 µm (350 µm)† <20 µm

*For each indicated parameter describing the laser input power, we tabulated
the full-width at half maximum of the yield as that parameter was varied.  We
also tabluated estimates of the precision with which the parameters can be
determined and maintained in an experimental campaign working toward
ignition.  In all cases, the indicated precision is dominated by estimates of
experimental precision, and the corresponding specification on the laser itself
is significantly smaller.
†These values are for a new optimization with the P6 asymmetry reduced.
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to that shown in Table 1. Ultimately we will explore the
entire parameter space of possible variations, although
we will use the new nominal design mentioned above
instead of continuing to center the variations on our
first preliminary optimization.

Sensitivity to Combinations of
Asymmetry, Pulse-Shaping Errors,
and Hydrodynamic Instabilities

To create a complete model for what could affect the
implosion adversely, we utilized a series of capsule-
only simulations. We started by simulating the capsule
with the asymmetry determined from the nominal
integrated calculation, then added perturbed surfaces,
and finally added asymmetric drive sources. The
asymmetry can be made to match that in the inte-
grated calculations by extracting from the integrated
simulation the asymmetry in ablation pressure in the
imploding capsule. (The asymmetry can be character-
ized with Legendre polynomial moments, with P2
through P6 contributing.) Then a matching radiation
drive asymmetry, in a simulation of the capsule alone,
produces an identically out-of-round implosion. This
technique matches the asymmetry both for a nominal
design and for the off-nominal integrated calculations
represented in Table 1. (We chose as nominal the same
integrated calculation used as the central point for
the variations presented in Table 1). We performed
three variations given the “baseline” nominal asym-
metric implosion. 
1. Asymmetry alone. We found that the “nominal”

asymmetry has about 50% margin in the P6 moment
and >100% margin in the P2 and P4 moments. This
suggests that the overall robustness can be improved
by reoptimizing to minimize P6. This is part of the
reoptimization mentioned above, increasing further
the margin of the PT.

2. Nominal asymmetry plus short-wavelength sur-
face roughness. We performed implosions with the
nominal asymmetry and perturbations on both the
inner and outer capsule surfaces. The spectral features
of the perturbations were based on characterization
of β layered DT for the ice roughness and of Nova
CH capsule surface roughness for the outside. The
capsule ignites and burns well with nominal asym-
metry and nominal surface roughnesses of 30 nm on
the CH and 1.0 µm on the DT.

3. Off-nominal asymmetry and drive, plus short-
wavelength surface roughness. In addition to the
nominal asymmetry, we included further random
asymmetry—up to 4.5% rms P2 and 1.5% rms P4.
The additional asymmetry was a random function
of time, with zero mean and about 2 ns typical

period of variation. We also included variations in
the drive profile (the net flux onto the capsule, P0) of
±5%. The combination of asymmetry, drive profile
errors, and surface roughness represents the most
complete possible model of the implosion. We found
that the additional asymmetry and profile variations
had little effect on the yield; for example, with 30 nm
outer roughness and 1.0 µm inner roughness, we
obtain 11.5 MJ of yield with the nominal asymmetry
plus the variations of 4.5% rms P2, 1.5% rms P4, and
±5% P0.
These robustness results are extremely encouraging

assurance of the nominal design’s performance.

Summary
Given the experimental substantiation from the Nova

program, we have good reason to expect ignition with
a 1.8-MJ, 500-TW laser. Such a laser will provide an
adequate safety margin, above the ignition threshold
indicated by modeling supported by Nova experiments.
This margin is sufficient to cover estimated uncertainties.

We can compensate for the remaining uncertainties by
adjusting the target design if necessary after additional
Nova experiments, or after the NIF experiments begin.
Some possible changes in the target design or perfor-
mance will be energetically significant. These include:
• A factor of two in hydrodynamic instability growth

(equivalent to a factor of two in surface finish, or a
factor of two in the acceptable size of the bang-time
perturbations) shifts the ignition cliff from 0.8 MJ to
about 1.0 MJ. Improvements in surface finish could
probably recover the original margin.

• The combined uncertainties in x-ray conversion and
hohlraum wall loss are less than about 20% in energy.

• SBS and SRS should be less than about 10%, based
on the experiments described in “Laser–Plasma
Interactions in NIF-Scale Plasmas (HLP5 and
HLP6)” on pg. 305 of this Quarterly.

• Achieving the correct power balance between the
inner and outer cones of beams may require reduc-
ing the power in one or the other, so that it cannot
run at its full power. This may result in a net energy
loss of 10–15%.

• An error in hohlraum optimization that requires
increasing the LEH radius 50% would require an
increase in laser energy of 15% to regain the same
hohlraum temperature.

• Similarly, increasing the hohlraum area by 35%
increases the required laser energy by 15%.
Several other uncertainties are energetically insignif-

icant. For example, the EOS and opacity of the CH
ablator are sufficiently uncertain that we expect to adjust
the details of the pulse shape phenomenologically, but
this will not significantly affect the performance
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requirements from the laser or the target performance.
These errors, in combined effect, are consistent with the
factor of two margin provided by a 1.8-MJ, 500-TW laser.

There are some issues that we are addressing to sub-
stantiate this conclusion further and to progress with
plans for the facility. We need to make a final decision
regarding the optimal cone-to-cone energy ratio, and
beam angles, which will be built into the target cham-
ber and will be difficult to change once detailed facility
design is in progress. To maximize our understanding
of the options available to us, we are continuing to
pursue other designs—e.g., hohlraums with shields
between the capsule and the LEH. Finally, we also con-
tinue to pursue more detailed modeling of the PT.
These results, along with the ongoing experimental
program on Nova, will either lead to increasing confi-
dence in the performance of the PT or will indicate
what changes need to be made in the design.
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